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Executive Summary 
 
 The purpose of this project was to create an air handling system for a crop canopy 
cuvette plant growth chamber that would allow for the accurate reading of CO2 levels 
before and after the chamber.  Normally, a cuvette is a small glass apparatus that 
measures CO2 at the leaf level, but this chamber will be a cuvette for an entire crop stand, 
in theory.  This chamber can be seen in Figure 1 below.   
Figure 1. Front View of Cuvette (Door Open) 
 
The project was conducted as a collaboration between the Horticulture, Mechanical 
Engineering Technology, and Electrical and Computer Engineering Technology 
departments at Purdue University.  The project was broken into two parts: design and 
construction, and testing and modification.  The first part of the project entailed the 
design and completion of an air handling system to work with the existing cuvette and 
equipment for monitoring CO2 levels in the cuvette.  The second part of the project 
entailed testing and modifying individual systems as well as an overall cuvette system 
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test for accuracy.  The dynamics and complexity of the systems required testing and 
balancing in order to operate in unison as requested. 
  
 
Introduction 
 Growing plants in the most efficient way possible with new technology such as 
LED lights is becoming more important because of limited global resources (UNESCO 
2006).  Hence, an experimental system that can help researchers to find the optimum 
growth environment for plants is needed.  The system designed and developed for this 
project completes a fully functional and updated gas exchange chamber that allows data 
to be gathered with great accuracy.  Experiments involving crop canopy growth rates will 
be aided by the accuracy of the system and its data collection capabilities. 
 A relevant paper on the Minitron II system showed that the gas exchange chamber 
cannot be sealed off from the room which it is stored in.  This makes the chamber highly 
susceptible to humans entering and increasing the CO2 levels (Mitchell, 1992).  The 
constructed system allowed for a fairly high turnover rate of mixed air flowing through 
the chamber; it was kept at a slightly positive pressure so that neither room-level CO2 nor 
CO2 from humans would leak into the chamber. 
Photosynthesis has been closely studied at the leaf but not at the canopy level due 
to the design of available commercial chambers.  Unfortunately, results from the leaf 
method have poor correlation to plant growth and yield, suggesting that a crop canopy 
chamber may produce more accurate data (van Iersel & Bugbee 2000). 
The data collected, such as instantaneous carbon gain, daily carbon gain, and 
cumulative carbon gain, can only be attained using the proposed crop canopy system (van 
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Iersel & Bugbee 2000).  A mechanical system to support a crop canopy gas exchange 
cuvette, as well as hold a stabilized temperature that could be located in an environmental 
chamber in the horticulture lab was needed.  The purpose of this project was to design 
and develop a system capable of controlling the temperature so that it stays consistent 
with the chamber. In addition, the system was used to monitor CO2 before and after 
entering the chamber so that there were no errors in the CO2 measurements relating to 
plant growth and real-time photosynthesis rates. 
Section 1: Statement of the Problem 
With the earth’s population continuing to grow rapidly as shown on the following 
page, information related to new and energy efficient ways of growing crops and the 
growth chambers in which that information can be found has become increasingly 
important. Figure 2 from the United Nations Populations Division shows that from 1800 
to 1900 the estimated population grew in a linear fashion.  Then, from 1900 until the 
present it can be seen that there was a sharp increase in actual population growth making 
the line appear exponential.  The forecast for future population growth can be seen by the 
three prediction lines, two of which show continued population growth through 2080. 
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Figure 2. Earth’s Population and Projections 
Source: United Nations Populations Division 
Available plant growth chambers have not incorporated the latest and most energy 
efficient technologies for operation and data collection.  It was critical that the data from 
the new chambers be accurate and not affected by the operational systems.  As 
technology is rapidly advancing in areas such as light emitting diodes (LEDs) and 
hydroponics, research is required to appropriately assess how these technologies will 
impact plant growth.  If the mechanical system for the growth chamber were not 
temperature sensitive, then no accurate results could be collected from the chamber. In 
order to remedy that problem, the constructed chamber was able to control temperature. 
Design and implementation of a sealed mechanical system with temperature control for 
the plant growth chamber allowed for accurate data collection without being affected by 
temperature differences. 
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Section 2: Significance of the Problem 
 With population increasing and resources such as food unable to keep up 
(UNESCO 2006), long distance space travel has become a reality.  This travel needs 
sustainable methods to produce food for the crew onboard.  This project needed to be 
completed in order to create an operational plant growth chamber that can test new types 
of technology such as LED lighting on crop canopy growth.  If this project were not 
completed, then the latest chamber would still be used to conduct research on outdated 
technology, or it would likely need to be retrofitted. 
 The types of testing completed in this chamber will be similar to what has been 
done before, but there will be more control and accuracy, enhanced by new methods and 
technologies.  There was no better time than now to complete this project because the 
interest in saving energy and finding new sustainable food and space travel solutions has 
never been higher.  This project will not only benefit the Horticulture and Mechanical 
Engineering Technology departments at Purdue University, but also NASA and other 
universities that will be able to access the chamber remotely and use it for experiments or 
data collection. 
Section 3: Background 
Definitions 
 The following are definitions of acronyms used for the project: 
IRGA – Infrared gas analyzer; measurement instrument that uses an infrared lens to 
compute relative humidity in percentage and CO2 in parts per million 
CO2 – Carbon dioxide; chemical compound consisting of one carbon molecule and two 
oxygen molecules that plants need for growth 
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MFV – Mass flow valve; flow control valve that uses mass as a control measure to adjust 
flow passing through 
PSI – Pounds per square inch; unit of pressure 
PPM – Parts per million; unit of concentration 
LPM – Liters per minute; unit of volumetric flow rate 
Literature Review 
 As described in the Space article (2000), it will be very important for any future 
space travel and colonization for NASA to be able to grow plants for food in the most 
energy efficient way possible.  Though the article was not extremely insightful, it still 
conveyed the point that without the ability to produce plants efficiently on a space craft 
or station, there will not be a way to survive long periods of time.  In order to provide 
these optimum ways of making plants grow quickly and efficiently, there is a need for 
research on all the current technology that is available.  Most of the studies done in plant 
growth chambers have to be created individually as stated by Mitchell (1992).  There was 
also the ability to use what was available commercially with modification, as Mitchell 
(1992) showed, but this was just as difficult as creating one from the beginning.  There 
are many types of these chambers and many engineering challenges for each type that has 
been developed.  The data collected in these chambers needs to be very precise and 
accurate to avoid false results.  Hence, the development of the mechanical systems for 
these chambers must address these issues. 
Methods 
 The main databases used in this directed project were accessed through the 
Purdue libraries, and they included: Inspec, Google Scholar, EBSCO, Applied Science 
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Abstracts, and Science Citation Index.  The keywords used for the searches in these 
databases were the following:  plant growth, chamber, gas exchange, mechanical system, 
design, crop canopy, and environment.  Along with the library’s resources, Dr. Mitchell 
from the Horticulture department at Purdue University gave assistance and guidance to 
some very valuable articles in the subject area and work that had been done in the past.  
The methods used produced insightful articles that showed the benefits and pitfalls of 
previous system designs. 
Chamber building materials 
Almost all gas exchange chambers contain the same types of materials. The type 
of material used to build the mechanical systems varied greatly based on the types of 
experiments that were completed using these types of systems.  According to an article 
by Knight (1992), the main materials used were acrylic, polyvinyl chloride, polyethylene, 
metals, rubber, and sealants.  Knight also states that careful selection of specific materials 
is needed because their use can affect the way the plant grows. Many components 
identified in the original systems contained substances that would off-gas and cause plant 
damage.  The issue was that all building materials for these systems contained these types 
of materials (so it was more a matter of minimization as opposed to removal of the parts).  
The extent to which these byproducts can damage and impact an experiment and its 
results is not well stated quantitatively in the article.  Instead of data figures and graphs, 
there were qualitative statements about plant symptoms and problems. 
The materials used by Knight (1992) were the same as the majority of materials 
used by the developers of the other chambers studied.  For example, Kacira and Ling 
(2001) used materials similar to Knight’s, along with automation, to conduct their plant 
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growth chamber experiments without touching the plants themselves.  As shown in Table 
1 from Akers, Akers & Mitchell (1985), the Minitron chamber was constructed with 
basic plastics and metals, including clear acrylic, copper, vinyl, and polycarbonate.  The 
Minitron II, constructed by Knight, Akers, Akers, and Mitchell (1988), and the Multiple 
Chamber system, constructed by van Iersel and Bugbee (2000), were both improvements 
based on the original Minitron design.  The major differences between the systems were 
advances in technology and materials available to the designers.  There was a large 
difference in construction materials used by Wheeler et. al. (1992) and Medhurst et. al. 
(2006), because their experiments were much larger in scope and design.  Wheeler’s and 
Medhurst’s plant chambers both were designed on a much larger scale as compared to the 
Minitron II.  The components of these larger chambers were mostly metal due to 
structural needs, but the concept remained the same for all. The Wheeler wheat stands 
were closer in size to the Minitron II but were set up and used in vastly different ways. 
The system discussed in this paper was a closed system in which drawdown of CO2 was 
used as a measure of the photosynthesis performed by the plants contained therein. 
Types of chambers 
 The various types of chambers that have been created were described by Mitchell 
(1992) and Bugbee (1992) as closed, semi-closed, open, and semi-open systems.  They 
both stated that closed systems are the simplest and require the least amount of 
instrumentation.  Mitchell stated that it was important to have air-tight seals and to have a 
known volume for the system to minimize the effects of temperature change; there was 
no mention of disadvantages.  Bugbee explains that the major disadvantage for these 
systems is that there is no possible way to achieve a full seal on the entire system and that 
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some leakage is inevitably introduced.  Both state that open systems use a lot of air and 
are used mainly for small areas of observation such as a leaf.  Mitchell is slightly more 
difficult to understand in this description but provides a better full system design than 
Bugbee.  Semi-open chambers were varied between the two writers, with Bugbee adding 
a pressure element to the system.  These systems are described as steady-state by both 
and there is a great deal of similarity with semi-closed systems.  The semi-closed system 
uses a stream or short bursts of CO2 to replenish what is removed.  Both state the ability 
for steady-state conditions, but Bugbee goes into great depth on the issues concerning the 
system. 
Semi-closed system chambers 
 Bugbee (1992) and Mitchell (1992) both state that the major hurdle to getting 
accurate results with a semi-closed system is controlling the temperature and humidity.  
This also provides for another area of experimental control, however, and the ability to 
not just rely on outside environmental conditions but to create the ones was required.  
The Minitron by Akers et al. (1985), Minitron II by Knight et al. (1988), and the van 
Iersel & Bugbee (2000) chambers were the main predecessors of the current system 
design.  The designs of these experiments piggy-backed off each other chronologically, 
and they improved with each version using the latest technology of the time.  Minitron 
was well described and designed for its purpose but had limitations for the time, 
including the costs being too high for an elaborate system to be created.  Minitron 
required outside light and required outside atmospheric control.  Minitron II was the next 
generation for the chamber and improved upon the technology and limitations of the first 
iteration.  Minitron II required no outside atmospheric control, and other improvements 
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were made in condensation collection, internal air movement, and more impermeable 
tubing for CO2 control.  The accuracy of the data collected improved, and it was 
compared to previously published data.  The van Iersel system is the most recent chamber 
of the three, and consequently, incorporates the latest technologies. The major problem is 
that this chamber article was published in 2000, and there is much more efficient 
equipment today.  The van Iersel system is a series of multiple chambers with one 
mechanical system.  The temperature and humidity control are rudimentary but efficient 
in design and usage.  The system provided accurate results and the ability to calculate 
long term data, but, being 8 years old; the system could likely be enhanced. 
Assumptions 
 During a project, assumptions must be made at the beginning in order to reduce 
the scope of the project to a feasible one and to make the results from experiments more 
accurate.  In this project a major assumption was that all parts needed to create the system 
would be able to be located and properly installed.  If this were not possible, the system 
would not be able to do its job properly and the experimental results would have been 
flawed.  Another assumption was that, once completed, only experimenters with training 
on the system would be able to use it.  If someone was uneducated on the system, there 
would be a high potential for mishaps and possible breakage of the IRGAs.  With both 
assumptions met, the project and its resulting system should function properly during its 
usage.  
Delimitations 
 The delimitations of this project were put in place in order to maximize the 
chamber’s ability to determine crop canopy growth, which was its main function.  This 
Cuvette CO2 Monitoring System 
12 
chamber only records the temperature, relative humidity, and CO2 levels in the system so 
that there is not an excessive amount of data that needs to be logged.  Another 
delimitation of the system was that it must be located in a controllable environmental 
chamber.  This is because even though the system is self-enclosed, it can only maintain 
the temperature that surrounds it.  The last major delimitation was that the chamber was 
held at slightly positive pressure against the room atmosphere at all times during 
experimentation.  Due to leakage possibilities, no experiments in which the system was 
under atmospheric pressure were possible. 
Limitations 
 CO2 monitoring built into the mechanical system of the cuvette constructed was 
the scope of this project.  The issues that may arise with the cuvette design itself are 
outside the scope of this project.  There were limitations that came up during system 
usage that were addressed for proper functionality.  A limitation from air leakage into the 
system would result in incorrect amounts of CO2 being monitored and likely give false 
plant growth readings.  Another limitation of the system would be the design of the 
cuvette itself.  This part of the system has been completed and was tested; if the cuvette 
itself works improperly, there will be no way for the mechanical system to compensate.  
The uncertainty of all the purchased parts working correctly is another possible limitation 
of the system.  For example, if a part like the blower or gas analyzers malfunctions, then 
the experimental data will need to be discarded and the problem fixed with replacement 
or maintenance.  If at any point algae or condensate forms, it will throw off the readings 
of the sensors and give false readings as well, and thus, is another possible limitation of 
the system which may need to be addressed during usage. 
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Section 4: Methodology 
 The nature of this investigation was one of system design and development.  A 
gas exchange chamber for plant growth experiments had already been developed and a 
mechanical system for that chamber was needed.  A plan was devised to accomplish this 
goal that entailed a design, construction, testing, and modification section.  This resulted 
in the completion of a mechanical system that met the needs of the experiments to be 
conducted in the gas exchange chamber in a timely and efficient manner.  The system 
was considered complete when satisfactory results from control experiments were found 
using the system.  
 The strategy of project development was appropriate because this is a system that 
will be a component of a much larger body of research work once completed.  In order to 
accomplish this project efficiently, time organization was paramount.  The general steps 
that were followed in the project are given in the paragraphs that follow, along with a 
table showing the timeline in which these steps were finished chronologically. 
Table 1: Timeline for project 
  
2008 2009 2010 
Tasks: Summer Fall Spring Summer Fall Spring 
Initial Project Design 
             
Ventilation System 
Construction 
      
Testing and Reworking 
        
CO2 System Evaluation 
          
Operation Manual 
and Maintenance Schedule 
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Initial Project Design 
 The system was based on the previous work done on the Minitron I (Akers, Akers 
and Mitchell 1985) and II (Knight et al. 1988) chambers, along with the van Iersel 
multiple chamber design (van Iersel & Bugbee 2000).  The gaps and differences, as well 
as the similarities and ground work, were addressed and integrated into the system.  
Having an air system that stood apart from the environmental chamber fixed the 
problems of both Minitron I and II (Mitchell 1992), and the reduction in the number of 
chambers resulted in less equipment and data logging needs than the multiple chamber 
design by van Iersel. 
 Once completed, the system needed to control the experimental environment 
inside the gas exchange cuvette.  There was a need for data recording and control of 
temperature, relative humidity, CO2 rates, and flow rates.  These all needed to be 
monitored and also adjusted based on the needs of the specific experiment being run.  
The instrument options used to quantify these processes would be a temperature probe, 
relative humidity probe, infrared gas analyzers (IRGAs), and mass flow valves, 
respectively.  These instruments needed to be coordinated to give a detailed read-out of 
the environment that the plants were going to be exposed to and have the ability to 
change that environment to a desired one by the experimenter. 
 It was a goal of this project to develop a fully functioning system to support a gas 
exchange chamber to conduct plant growth experiments in a controlled environment.  A 
timeline was created to finish the project efficiently, allowing for time that might be lost 
due to unexpected problems.  The problems and successes of past designs of similar 
systems were studied to create the optimum system possible for the experimentation.  
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When the system was finished, the gas exchange chamber needed to have a monitored 
and controllable environment in which experiments could be completed with timely and 
accurate results. 
 With these requirements and the given lab venue in mind, a general layout for the 
system was created.  Figure A1 shown in Appendix A was the original layout of the 
system.  The gas exchange cuvette, blower, and mass flow valves were purchased before 
this phase of the project and needed to be used in the working system properly. 
Ventilation System Construction 
 Once the initial design was chosen, the construction of the ventilation system to 
support the chamber and previously purchased equipment began.  This period of time was 
spent largely on locating hardware to make the system function properly.  The main 
considerations for the hardware were that it not off-gas into the system or allow mold or 
fungi to grow.  These problems would cause erroneous CO2 concentration readings and 
give false results as well as contaminate the hydroponics system.  With this in mind, the 
ventilation system was made from standard PVC 1” piping as well as ¼” and ½” standard 
copper tubing, all being connected to a Becker VT 4.16 oilless vane vacuum pump.  The 
layout of the cuvette and the ventilation system can be seen in Appendix A Figure A1.  
All the fittings were also plastizer free and food safe.  Where flexibility was a 
requirement, Tygon R-3400 ultraviolent resistant tubing was used in order to minimize its 
effects, such as off gassing from other types of plastic tubing on the results.  Two mass 
flow valves from Tele-Dyne Hastings (model number HFC-D-302) were used to control 
the amount of CO2 in the air stream as well as the amount of air going into the cuvette.  
Standard gate valves were used in both outlet streams for coarse adjustment before 
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rotameters that ranged from 0 to 0.5 lpm were used for the fine adjustment to get 
consistent and proper flows through the IRGAs.  The cuvette side outlet stream was 
connected to a Masterflex peristaltic pump with the model number 7520-40. The buffer 
jar was placed on the bypass stream side and constructed using a PVC electrical junction 
box along with PVC tubing inside to prevent laminar flow, ensuring proper mixing before 
the IRGA.  This can be seen in Figure 3 below. 
 
Figure 3. Internal View of Buffer Jar 
  
 The hydroponics system was constructed with many of the same concerns in 
mind, and PVC piping was used for all non-flexible pathways.  The flexible pathways 
required the use of the Tygon R-3400 tubing to minimize the release of the plastizer into 
the water, which could contaminate it.  Standard window screen was used as a filter in 
order to keep large debris out of the pumping system.  The pump used was a March 1/5 
hp, 3000 rpm pump with the model number AC-3C-MD, which was sufficient to move 
the volume of water needed in the system.  Aeration tubing sized at ¼” was placed inside 
the cuvette hydroponics tub and hooked up to two fish tank aerator pumps, a Second 
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Nature Whisper 900 and an Elite 801. These provided aeration inside the cuvette water 
system. Equipment for headspace monitoring may be added at a later date.  The main 
hydroponics tub for the system was located outside the cuvette in order to permit 
changing the water without opening the cuvette during experiments. 
 The system was completed and then wired into a computer control system created 
by another graduate student. The computer control was used to adjust the mass flow 
valves as well as record all incoming data from the temperature and humidity probes and 
the gas analyzers.  The computer control also operated a webcam inside the cuvette so 
that the crops could be viewed without opening the chamber during an experiment.  Once 
completed, the system was tested to ensure proper functionality.  
Testing and Reworking 
 After the system was constructed, the cuvette and the computer control and 
mechanical ventilation systems were brought online in order to evaluate the system’s 
performance.  The goal of the testing was to ensure that all parts worked correctly and 
harmoniously and to evaluate how well the system met its goal of CO2 monitoring.  
During this phase of the project, it was discovered that many of the components of the 
system needed to be repaired or replaced in order to function properly.  Both mass flow 
valves, the peristaltic pump, the LI-COR differential IRGA, and the light bars all needed 
to be repaired or replaced.  The problems with the mass flow valves were age and 
incorrect sizing at the start, which made it difficult to make the necessary CO2 
adjustments during the use of the system.  The peristaltic pump failed from old age and 
was replaced with an updated version; the new pump was a Masterflex 7520-40, sized for 
continuous duty cycle to prevent burnout.  The LI-COR differential IRGA was out of 
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calibration due to age and was sent back to be recalibrated for proper functionality.  The 
last items to be repaired were the light bars in which some of the LED lights did not 
properly function due to previous usage and age. 
 After the initial testing phase in which the defective equipment was found and 
fixed, the system was retested to ensure proper functionality.  Once online, the system 
was run for a period of seven days in order to evaluate its performance.  The goal was to 
run the system in simulated experimental conditions, but without plants inside to 
demonstrate that the system could accurately perform and record all data needed.  The 
figures on the following page show the CO2 levels of the ambient air and the difference 
from the inlet to the outlet of the system. 
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SBA-4 Absolute CO2 from 1/11/2010 to 1/17/2010
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Figure 4. Ambient Air Levels 
 
Figure 4 shows that the system behaved as expected and recorded the proper CO2 levels 
for ambient air.  There are peaks and valleys in the graph as building air experiences high 
concentrations of CO2 based on occupant activity during the work day.  Figure 5 on the 
following page shows the difference in CO2 levels from the inlet and outlet streams for 
the cuvette.  This graph should have stayed at zero since there was no added CO2 placed 
in the system and both streams were filled with ambient air.  As can be seen, however, 
there was a slight variance throughout the test, due to a lag in time for the cuvette to 
adjust to the varying levels of ambient air CO2 as well as the initial peristaltic pump 
failing during the test which can be seen in the large spike on the differential graph.  This 
being completed, the next step was to test the hydroponics system. 
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LI-COR 6262 Differential CO2 from 1/11/2010 to 1/17/2010
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Figure 5. Differential CO2  
 The hydroponics system was setup by filling the main tub outside the chamber 
with water.  The pump and system lines were then charged in order to facilitate proper 
flow.  Once the pump and lines where charged and the outside tub filled, the system was 
brought online and the hydroponics tub inside the cuvette began to fill.  The water level 
was adjusted in the outside tub in order to have the system water at the correct level.  The 
next step was to turn on the aerator pumps and begin aerating the tub inside the cuvette.  
After the system was observed to be working properly, the final step was to allow the 
water to stay in the system and operate over the course of seven days to check for 
leakage, and no leakage was found.  The hydroponics system was completed and tested, 
leaving only the testing of the humidification system. 
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 The humidification of the inlet air to the cuvette was achieved by bubbling the air 
through a water column in the same fashion as the aerator pumps for the hydroponics.  
The humidification chamber was filled with ionized water, and the ventilation system 
was brought online.  The air bubbled through the column as expected and only seven 
days of data were required for the humidification test to show the level of relative 
humidity that the system could achieve during usage.  Figure 6 shows the difference in 
the relative humidity of the cuvette chamber with the humidification system 
online.
Relative Humidity Probe from 3/1/2010 to 3/2/2010
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Temperature Probe Results from 3/1/2010 to 3/2/2010
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Figure 6. Humidity levels and Temperature inside the Cuvette 
 
These figures were acquired through the use of two temperature and relative humidity 
probes for accuracy of measurement, and the correlation between the two probes was 
0.998 for the temperature and 0.993 for the humidity.  This indicated a high correlation 
and that both probes were operating properly and produced very similar values at all 
times. After these initial tests were completed, the system could be operated in full 
function to stand alone and be used to evaluate the accuracy of the CO2 analyzers. 
CO2 Monitoring System  
 In order to assess the CO2 system, the entire cuvette system, including all 
equipment and parts, needed to be online.  The CO2 concentrations were measured by 
two IRGAs, one being a LI-COR LI-6262 and the other being a PP Systems SBA-4.  
Once online, the amount of CO2 allowed into the ventilation system was adjusted and the 
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accuracy and lag of the IRGAs were recorded.  This took place over a seven day test 
period, and data was collected and analyzed.  Section 5 in this paper goes into greater 
detail regarding the results of the testing for the CO2 system.   
Operation Manual and Maintenance Schedule 
 Once the system was constructed, tested, and confirmed to be working properly, 
the next step was to create an operation manual and maintenance schedule for the 
equipment in the system.  Improper use of any parts of the system could end up causing 
severe damage to some or all of the rest of the equipment, so a manual with exact steps 
for startup, shutdown, and experimentation procedure was required.  Most of the 
equipment used was sensitive and needed recalibration or cleaning after a period of time. 
Hence, the maintenance schedule was created to ensure and record proper equipment 
maintenance.  Appendix C shows the user manual as well as the maintenance schedule 
for the system.  This manual was a guide on fully operating the system and incorporated 
the instructions for calibration and use for each part of the system as well as the computer 
instructions.  The manual created was necessary to direct the user through the steps that 
were specific to the cuvette system and were not covered in the equipment manuals. 
Section 5: Data and Results 
 After the initial testing was completed, the system was prepped for a fully 
functional test run with the computer, CO2, humidification, and hydroponics systems all 
working as they would be during an experiment. The duration of this testing phase was 
done in a one week session followed by a one day session.  The extra one day session 
was performed based on the results found from the week long test performed from 
2/24/2010 to 3/1/2010.  During these tests, many things were discovered about how the 
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systems were working together and changes were made to increase the functionality of 
cuvette for the second one day test from 3/1/2010 to 3/2/2010. 
System Functionality 
 The operation of the cuvette system as a whole was acceptable, but there were 
some systems that worked much better than the others.  The hydroponic system worked 
very well with no leakage, no pump failures, and water aeration working properly.  The 
hydroponic system was not separated from the air inside the cuvette because there were 
no plants inside which would have separated and sealed the hydroponic system from the 
air system.  This caused the aeration air, which was standard atmospheric air, to bring 
down the CO2 levels inside, leave the cuvette, and lead to error in the differential CO2 
system, which will be explained in greater detail in the Differential Gas Analyzer section 
of the paper.  The humidification system worked properly; Figures 7 and 8 show 
temperature and relative humidity values.  Humidification was achieved by bubbling air 
through a water column and as one might expect, when the temperature increased, the 
relative humidity decreased.  There were two integrated relative humidity and 
temperature probes placed into the chamber for redundancy and, as can be discerned from 
the results, they tracked each other throughout the test.  The large spikes in the graphs 
were from the lights turning on and off during the testing and the cuvette coolers acting in 
response, since this was a passive cooling system. 
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Relative Humidity Probe Results from 2/24/2010 to 3/1/2010
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Temperature Probe Results from 2/24/2010 to 3/1/2010
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Figure 7. Relative Humidity and Temperature for cuvette from 2/24/2010 to 3/1/2010 
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The data recorded by the system was placed into an excel file with minimal errors.  The 
peristaltic pump that replaced the worn out pump was the last part of the complete system 
that caused error.  The pump head was too small for the tubing used, causing a large 
amount of friction, which resulted in heat being produced.  This increase in temperature 
caused the air temperature to rise, and subsequently, introduce some error in the 
differential CO2 readings as explained in the next section. 
CO2 Monitoring System Evaluation 
 The CO2 monitoring system consisted of the LI-COR 6262 differential gas 
analyzer and the PP Systems SBA-4 absolute gas analyzer.  The data was recorded from 
these devices during the whole systems testing that took place from 2/24/2010 to 
3/2/2010.  The raw data results for this test and all other recorded data can be accessed 
online at the address 128.210.161.196 through the Purdue Horticulture server.  The data 
collected was expected to show a differential CO2 level of about 0 ppm.  This would 
show that there were no leaks, and the system was running correctly as there were no 
plants to draw down the CO2 levels. The absolute data was supposed to show the levels 
of CO2 present in the system.  Since the absolute analyzer was disconnected from the 
cuvette due to feedback, it recorded ambient room CO2 levels, which still gave valuable 
information on the baseline CO2 concentrations to be used for photosynthesis 
measurements.  There were two problems in this portion of the system that caused the 
error that will be shown in the following pages.  The first source of error was from the 
aeration system diluting the concentration of CO2 that was inside the cuvette.  During the 
weeklong test from 2/24/2010 to 3/1/2010, the average CO2 differential was -30.67 ppm. 
The one day test that followed had the aeration system shut down, and the CO2 
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differential averaged -21.40 ppm.  This could imply that of the total error of -30.67 ppm, 
roughly 10 ppm of that error was caused by the aeration system.  The remaining -20 ppm 
of error was caused the malfunction of the peristaltic pump.  The tubing used was too 
large for the pump head, which caused friction to warm the air exiting the cuvette through 
the pump.  Both air streams going into the LI-COR 6262 analyzer were required to be at 
the same temperature as stated in its manual.  If the temperatures were not the same at 
both inlets of the gas analyzer, it affected pressure broadening and water vapor that 
caused the error to occur. Hence, this difference in air temperature accounted for the -20 
ppm error that was left. 
 Despite the issues mentioned, the analyzer readings that were recorded showed 
both steadiness and accuracy.  The following figure shows the differential CO2 readings 
for the testing occurring from 2/24/2010 to 3/1/2010. 
LI-6262 Diffential CO2 (ppm) vs Time
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Figure 8. Differential CO2 reading from 2/24/2010 to 3/1/2010 
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In this graph, it can be seen that before the 5000 mark on the X-axis, the data was greatly 
varied and scattered from positive to negative.  This variability was caused by the 
absolute and differential analyzers being hooked up in a way that caused a feedback loop.  
The absolute analyzer was disconnected from the system and recorded CO2 levels in the 
room from that point on to give an idea of how the levels vary over time.  The large 
spikes that can be seen in the graph show instances when the room was accessed by 
someone for work on the system.  These intrusions caused large increases in the room 
CO2 levels, resulting in the cuvette having lower CO2 than the bypass loop, which shows 
up as a downward spike on the differential CO2 graph.  During the steady portion of the 
graph past 5000, a statistical analysis was conducted using Microsoft Excel that resulted 
in an average value of -30.67 ppm, a standard deviation of 9.88 ppm, and a 99% 
confidence interval of ±0.1564 ppm. These numbers indicate that overall the readings 
were steady even though they were low due to the error previously discussed. During the 
times after recalibration but before the peristaltic pump started to heat up, the data 
gathered was much more consistent. These periods in time were magnified and analyzed 
along with the absolute readings. 
 The figure below shows absolute CO2 levels over the same period of time.  Again, 
it should be noted that before 5000 on the X-axis, the analyzer was attached to the 
system, and after 5000 it was reading room air only. 
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SBA-4 Absolute CO2 (ppm) vs Time
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Figure 9. Absolute CO2 levels from 2/24/2010 to 3/1/2010 
 
The upward spikes in this graph represent instances when the testers entered the room as 
discussed previously.  The ambient CO2 levels in the room can be seen to be roughly 
420-400 ppm during undisturbed periods of time. 
 During the times after the peristaltic pump was allowed to cool, the data was more 
accurate.  These time periods were analyzed separately for accuracy as well.  The 
absolute CO2 levels were declining back to ambient levels during this period, which 
accounts for some of the offset that was still evident.  Attached in Appendix B, the 
Figures B1-B8 show the levels for both gas analyzers.  The CO2 levels for the differential 
analyzer were much closer to 0 ppm during these time periods due to the lack of heat at 
the peristaltic pump.  The absolute CO2 levels during this time were declining due to the 
increased CO2 from the testers who entered the room.  The erroneous slopes of the 
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differential analyzer data was due to lag time required for the cuvette side to catch up 
with the bypass side of the air system. The table below shows the statistical analysis 
results for the differential CO2 analyzer. 
Table 2. Statistics of CO2 gas analyzer readings during peak system performance 
  
Average (ppm) Standard Deviation 99% Confidence Interval ± 
Section 
1 -7.94 2.77 0.37 
Section 
2 2.57 12.09 1.95 
Section 
3 -14.94 3.54 0.32 
Section 
4 -7.13 3.9 0.62 
 
The table shows that the averages are lower then the overall -30 ppm for the full test.  
The table also shows that the standard deviations were smaller with only slightly larger 
confidence intervals, due to the smaller sample sizes. The best data obtained was in 
Section 2, with a positive average of 2.57 ppm, which was to be expected because the 
ambient CO2 level was decreasing from elevated levels due to human testers.   
 At the conclusion of the 2/24/2010-3/1/2010 test session, it was determined that 
some of the error introduced into the system could be avoided by shutting down the 
aeration system for the hydroponics.  A 24 hour test session was conducted to assess the 
amount of error the aeration system introduced into the system.  The tubing type was also 
changed in the peristaltic pump head to reduce friction and heat buildup.  The goal was to 
remove both sources of error in order to have optimal system performance.  As can be 
seen in the figure below, the new tubing had little affect on the heating factor of the pump 
and still introduced roughly 20 ppm of error from the 0 ppm level.  Turning off the 
aeration system did however remove 10 ppm, based on the average from the previous test 
session being -30 ppm. 
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LI-COR 6262 Differential CO2 from 3:40pm on 3/1/2010 to 4:00pm 3/2/2010 
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Figure 10. Differential CO2 levels during 24 hour test on 3/1/2010 
 
 
The large negative values that started this test session were caused by testers spending 
extended periods of time adjusting and changing system setups.  The two spikes 
following were again from testers entering the room to check for errors.  But as can be 
seen, the amount of error had been reduced from the previous test session.  The statistical 
analysis of this data showed an average of -21.40 ppm, a standard deviation of 1.88, and a 
99% confidence interval of ±0.12.  This test again showed the system to be stable and 
that the main source of error was the pump head.  The absolute CO2 data confirmed this 
as shown below. 
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SBA-4 Absolute CO2 from 3:40pm on 3/1/2010 to 4:00pm on 3/2/2010
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Figure 11. Absolute CO2 levels during 24 hour test on 3/1/2010 
 
 
The spikes correspond in time to the testers increasing ambient levels of CO2, and the 
overall data for the ambient air CO2 levels seems to be in line with previous testing 
results.  This data set showed that much progress had been made toward the system 
running correctly and consistently. 
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Section 6: Conclusion and Recommendations 
 The main conclusion that can be drawn from this effort was that the overall 
cuvette system, including all its parts, was dynamic and complex which make it very 
difficult to test or use accurately at the present time.  The major problem was that the 
peristaltic pump head caused heat and an error in differential CO2 measurements of 
approximately 20 ppm.  As the testing was being conducted, much more information 
about how the systems operate with each other was acquired.  This type of experience 
and knowledge can only come from actual operation of the system.  The cuvette system 
developed was the first of its kind and so there was very little existing expertise to consult 
in troubleshooting problems.  The data recorded showed that the hydroponic system and 
the humidification system, including its temperature and humidity probes, worked as 
expected.  Overall the system was functional, it just needs more time and testing in order 
to become as accurate as desired. 
 The recommendations for going forward with work on the cuvette system are to 
continue further testing in order to work out all error and provide correct system 
functionality for the future.  The peristaltic pump problems from heat and friction need to 
be addressed along with the feedback loop that is caused by both gas analyzers being 
used with the system.  Another problem that should be addressed in the future is the 
ability of the system to draw ambient air from outside the room in order to allow human 
testers to enter the room, make adjustments and not affect the CO2 levels in the room, 
which causes the levels in the cuvette to rise.  Once these problems are fixed the system 
will need to be tested and modified until it works as desired.  The most difficult part of 
troubleshooting is complete; now the system needs to be fine-tuned to attain optimal 
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performance.
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Appendices 
Appendix A - Cuvette System Layout 
Figure A1- Cuvette System Design Drawing 
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Appendix A - Cuvette System Layout (cont’d) 
Legend 
 
ACA- Absolute IRGA 
DCA- Differential IRGA 
BJ- Buffer Jar 
Hum- Humidifier 
HXC- Heat Exchanger 
LB- Light Bar 
LCM- Light Control Module 
NV- Gate Valve 
RM- Rotameter 
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Appendix B- Gas Analyzers Optimum Results from Testing 
 
Figure B1- Differential CO2 Proper Operation Section 1 
LI-COR 6262 Differential CO2 from 4:28pm to 6:00pm on 2/24/2010
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Figure B2- Absolute CO2 Proper Operation Section 1 
SBA-4 Absolute CO2 from 4:28pm to 6:00pm  on 2/24/2010
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Appendix B- Gas Analyzers Optimum Results from Testing (cont’d) 
 
Figure B3- Differential CO2 Proper Operation Section 2 
LI-COR 6262 delta CO2 from 1:06pm to 2:23pm on 2/25/2010 
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Figure B4- Absolute CO2 Proper Operation Section 2 
SBA-4 Absolute CO2 from 1:06pm to 2:23pm on 2/25/2010
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Appendix B- Gas Analyzers Optimum Results from Testing (cont’d) 
 
Figure B5- Differential CO2 Proper Operation Section 3 
LI-COR 6262 Differential CO2 from 1:47pm to 5:06pm on 2/28/2010 
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Figure B6- Absolute CO2 Proper Operation Section 3 
SBA-4 Absolute CO2 from 1:47pm to 5:06pm on 2/28/2010
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Appendix B- Gas Analyzers Optimum Results from Testing (cont’d) 
 
Figure B7- Differential CO2 Proper Operation Section 4 
LI-COR 6262 Differential CO2 from 11:55am to 12:59pm on 3/1/2010
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Figure B8- Absolute CO2 Proper Operation Section 4 
SPA-4 Absolute CO2 from 11:55am to 12:59pm on 3/1/2010
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Appendix C- Maintenance and Operation Manuals 
Operation Instructions 
 
WARNING: Failure to follow the listed instructions correctly could cause 
serious and irreparable damage to the system.  DO NOT operate without full 
understanding of the ENTIRE system. 
 
Step 1:  Disconnect the quick-connects that exit both rotameters as well as the quick-
connects that exit the right side of both 4-way valves (if connected to anything). 
 
Step 2:  Make sure both 4-way valves A and B are set to the vertical position I. As shown 
in Figure 1 and 2 below. 
 
Figure 1- Valve A in Position I 
 
 
Figure 2- Valve B in Position I 
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Appendix C- Maintenance and Operation Manuals (cont’d) 
 
Step 3:  Turn on the Nitrogen tank as well as that CO2 tank that will be slightly higher 
then experimentation needs.   
Example:  Experimentation will require the CO2 level to be at 1300 ppm, so the correct 
tank to turn on would be the CO2 tank of 1500 ppm. 
 Tank Valve On Instructions: 
1. Turn outside valve (farthest left in Figure 3) to closed position 
(clockwise). 
2. Turn tank valve (on top of tank and farthest right in Figure 3) to 
open position (counter-clockwise). 
3. Open the outside valve (counter-clockwise) for coarse pressure 
adjustment. 
4. Use the large center valve for fine adjustment of the pressure by 
rotating clockwise to increase and counter clockwise to decrease. 
 
Figure 3- Tank Regulator 
 
WARNING: DO NOT adjust tank or regulator pressures without experience 
in doing so; errors could result in catastrophic failure. 
 
 
Step 4:  Connect the quick-connect that exits the right side of the flow valve A to the 
compressed Nitrogen tank and adjust flow with the rotameter to 0.3 LPM. 
 
Step 5:  Connect the quick-connect that exits the right side of the flow valve B to the 
chosen compressed CO2 tank and adjust flow with the rotameter to 0.3 LPM. 
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Appendix C- Maintenance and Operation Manuals (cont’d) 
 
Step 6:  Turn on the IRGAs and calibrate and zero the LI-COR IRGA according to the 
directions listed in the manual for differential usage (the PP Systems absolute IRGA does 
not need to be calibrated).  The reference gas would be the Nitrogen and the sample gas 
would be the chosen CO2 tank. 
 
Step 7:  Once calibration is complete; disconnect the quick disconnects that exit both 
valve A and B on the right side and turn off both tanks used to calibration. 
 
Tank Valve Off Instructions: 
1. Rotate the tank valve (farthest right in Figure 4) clockwise until 
shut. 
2. Open the farthest left valve in Figure 4 by rotating counter-
clockwise and rotate the center valve clockwise until the pressure 
on both gauges reads 0. 
3. Rotate the left valve clockwise until shut and rotate the center 
valve counter-clockwise 3 turns. 
  
Figure 4- Tank Regulator 
 
WARNING: DO NOT adjust tank or regulator pressures without experience 
in doing so; errors could result in catastrophic failure. 
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Appendix C- Maintenance and Operation Manuals (cont’d) 
 
Step 8:  Turn on the blower by putting the disconnect and the ON/OFF switch shown in 
Figure 5 below in the upward or ON position. 
 
Figure 5- Disconnect and ON/OFF switch 
 
 
Step 9:  Place both 4-way valve A and B to position II as shown in Figure 6 and 7. 
 
Figure 6- Valve A in Position II 
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Appendix C- Maintenance and Operation Manuals (cont’d) 
 
Figure 7- Valve B in Position II 
 
 
Step 10: Turn on the peristaltic pump by flipping rotation switch right as shown in Figure 
8.   
 
Figure 8- Peristaltic Pump 
  
 
Step 11: Adjust rotameters to make sure that the air flow does not exceed the maximum 
airflow listed for the IRGAs.  Adjust rotameter A to 0.5 LPM and rotameter B to 0.25 
LPM to achieve proper flow as shown in Figure 9 and 10. 
 
Figure 9- Rotameter A 
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Appendix C- Maintenance and Operation Manuals (cont’d) 
 
Figure 10- Rotameter B 
 
 
Step 12:  Connect the exit quick-disconnect from rotameter A to the reference line that 
splits between both IRGAS.  There will be red tape marking the exit line and the line to 
connect to the IRGAS. 
 
Step 13:  Connect the exit quick-disconnect from rotameter B to the line labeled LI-COR 
sample. 
 
Step 14: Plug in the heat exchanger fans for the cuvette to the surge protector at the rear 
of the cuvette. 
 
Step 15:  Turn on and set-up the light bars according to their manual and experimentation 
needs.  ON/OFF switch in rear left side of module.  Adjust red and blue levels as shown 
in Figure 11. 
 
Figure 11- Light Bar Control Module 
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Appendix C- Maintenance and Operation Manuals (cont’d) 
 
Step 16:  Turn on the CO2 tank and adjust the pressure to 7 psi. 
Tank Valve On Instructions: 
1. Turn outside valve (farthest left in Figure 6) to closed position 
(clockwise). 
2. Turn tank valve (on top of tank and farthest right in Figure 6) to 
open position (counter-clockwise). 
3. Open the outside valve (counter-clockwise) for coarse pressure 
adjustment. 
4. Use the large center valve for fine adjustment of the pressure by 
rotating clockwise to increase and counter clockwise to decrease. 
 
Figure 6- Tank Regulator 
 
 
WARNING: DO NOT adjust tank or regulator pressures without experience 
in doing so; errors could result in catastrophic failure. 
 
Step 17:  Adjust CO2 with the mass flow valve and the computer program that is flowing 
into the system to the needs for the experiment. 
 
Step 18:  Fill the hydroponics tub outside the cuvette roughly half-way. DO NOT fill the 
tub past the bottom of piping into the side of the tube. 
 
Step 19:  Fill the piping in the system by twisting pump inlet pipe upwards and fill until 
the water level stops lowering.  Twist pipe back down into the water. 
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Appendix C- Maintenance and Operation Manuals (cont’d) 
 
Step 20:  Plug-in aerator pumps and water pump in outlets at the rear of the cuvette and 
continue to monitor the water level as the cuvette tub fills.  Adjust water level to needs. 
 
Step 21:  Set up the computer according to instructions listed in computer operation 
manual. 
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Appendix C- Maintenance and Operation Manuals (cont’d) 
 
 
Becker VT 4.16 Vacuum Pump 
Maintenance Log 
Name Signature Hours Used Total Hours 
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Appendix C- Maintenance and Operation Manuals (cont’d) 
 
MFV calibration every XX years 
IRGA calibration every XX years 
Peristaltic pump tubing change every XX experiments 
  
 
 
  
 
 
 
 
  
 
